The molecular basis of somaclonal variation is not precisely known, but both genetic and epigenetic mechanisms have been proposed. The available evidence points toward the openUP (June 2007) existence of labile portions of the genome that can be modulated when the cells undergo the stress of tissue culture. Therefore, the hypothesis that there are identifiable and predictable DNA markers for the early diagnosis of somaclonal variation has been tested.
Introduction
Somaclonal variation is the genetic variation that is observed when plants are regenerated from cultured somatic cells. During the micropropagation of valuable elite clones, this variation usually results in off-types that reduce the commercial value of resultant plants.
Genetically enhanced (transgenic) plants also need to be carefully screened to avoid unwanted and unintended somaclonal variation. Various types of mutations have been described in somaclonal variants, including point mutations, gene duplication, chromosomal rearrangements, and chromosome number changes (Kaeppler et al. 2000 , Peschke and Phillips 1992 , Phillips et al. 1994 . Transposable element movement and changes in DNA methylation (Koukalova et al. 2005 , Kubis et al. 2003 , Smulders et al. 1995 , possibly through the function of small interfering RNA (Lippman et al. 2003) , have also been implicated as potential mechanisms behind some somaclonal variation.
The appearance of somaclonal variants may not be a process unique to in vitro propagation but may occur naturally in plant somatic and reproductive tissues (Cullis openUP (June 2007) 2005). The trigger for all these types of changes can be described as genomic shock or plasticity, which occurs after the plant has exhausted its ordinary physiological responses to environmental stress (Cullis 1999) . This genomic shock response may be a radical, but limited, genomic reorganization, which is an adaptive mechanism and can be activated under stress. The occurrence of hotspots of mutation and recurring menus of alternative alleles is consistent with this response being limited to a subfraction of the genome.
The sometimes massive but reproducible genetic changes observed with somaclonal variation offers the possibility for identifying specific DNA variants (be they structural or DNA modifications) that are associated with the release of this genetic variation. Therefore, they can be used to monitor the genome through the process of in vitro propagation. Such DNA markers could also be used to screen plants to determine the possibility of their being true-to-type.
The clonal propagation of horticultural species and crops, such as bananas and oil palm, is intended to produce chosen elite individuals in mass. Somaclonal variation is problematic under these circumstances, where even a low percentage of off-types is unacceptable for commercial use. A high percentage of off-types can be costly, as has been proven in both the banana and oil palm industries (Larkin 2004) . In a similar vein, somaclonal variation can be problematic during the in vitro conservation of vegetatively multiplied crops and the genetic modification of crops where hundreds of individual transgenics would need to be exhaustively tested so that only proven elite individuals are chosen to become commercial releases. Therefore, the early detection of somaclonal variants is very useful in plant tissue culture and transformation studies.
A number of different molecular techniques are currently available to detect sequence variation between closely related genomes such as those between source plants and somaclones. These include random amplified polymorphic DNAs (RAPDs) and amplified fragment length polymorphisms (AFLPs) (Labra et al. 2001 , Linacero et al. 2000 . Both techniques are useful in comparing the DNA from any number of different samples for the differentiation of plants because of sequence variation by identifying random polymorphisms. However, these studies have not led to the development of openUP (June 2007) general markers applicable in the screening of micropropagated plants for somaclonal variation. Representational difference analysis (RDA) has been applied to detect variation in a limited number of plant species (Cullis and Kunert 2000 , Donnison et al. 1996 , Oh and Cullis 2003 , Vorster et al. 2002 , Zoldos et al. 2001 . RDA technology has been used to detect genomic losses, rearrangements, amplifications, point mutations and pathogenic organisms between two genomes (Lisitsyn 1995 , Lisitsyn et al. 1993 , Michiels et al. 1998 , Ushijima et al. 1997 . The advantage of RDA is that a complexity of about 5 × 10 8 base pairs of DNA can be scanned in each subtraction, which is greater than can be achieved with other commonly used differentiation techniques, such as restriction fragment length polymorphisms, RAPDs, AFLPs or microsatellites. This dwarf phenotype is often also obtained by in vitro culture (Damasco et al. 1998 , Smith and Hamill 1993 , Vuylsteke et al. 1991 ).
The overall aim of this study was to identify unique genomic DNA regions that could be developed into DNA markers for the diagnosis of somaclonal variation in banana.
Several rounds of partial genomic DNA subtractions using RDA have been performed using the tall (off-type arising from tissue culture) and dwarf forms of 'Curare enano' (Fig. 1) to identify regions of the genome that differ in sequence or methylation status between these two types. DNA oligonucleotides designed from the sequences of the difference products have been used as primers in a polymerase chain reaction (PCR)-based system to compare pairs of normal and off-type banana plants. The genomic locus of one of these difference products appeared to be a hotspot (extremely labile) for variation arising during culture. This extended region has been shown to be useful as a diagnostic tool for somaclonal variation in banana. and do not produce seeds. Naturally occurring accessions were found in farmers' fields, and the fact that they are now cultivated in many countries in the world without any phenotypic changes underlines their phenotypic stability.
openUP (June 2007)

Materials and methods
Plant material
The variant phenotype was created in vitro and is only phenotypically different from the other set of the pair by its plant size. This phenotype also remained stable during ratooning in the field or greenhouse. Other Cavendish plant materials were supplied by Du Roi Ltd, Tzaneen, South Africa.
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DNA extraction
Total DNA was isolated from 300 mg of young leaf tissue from greenhouse or in vitro plantlets using the DNeasy DNA extraction kit (Qiagen, Hilden, Germany) with some modifications. Briefly, plant tissue was homogenized in a mortar with pestle and lysed as described by Dellaporta et al. (1983) . The lysate was further purified on DNeasy columns according to the manufacturer's instructions. Typical yields were between 30 and 45 μg g 1 of leaf tissue. Four independent DNA extractions from the 'Curare enano' normal and dwarf individuals were analyzed.
Representational difference analysis
The general outline for the RDA procedure described by Lisitsyn et al. (1993) and Vorster et al. (2002) 
Primer design and testing
Pairs of primers were designed using the program, Primer3 followed by an optional soak period at 4°C. The PCR products were separated on a 1.5%
agarose gel, stained with ethidium bromide and visualized under UV light.
Flanking sequence isolation
A two-step PCR technique as outlined by Sorensen et al. (1993) was applied using each of four different flanking primers three of which (FP01, 02 and 04) are shown in Fig. 4 and two primers designed from the difference product sequence. These primers were used to amplify from the banana genome the 3'-and 5'-end DNA flanking sequences of one of the RDA subtraction products (Musomav2). For amplification of the two flanking sequences, 5'-end biotinylated primers complementary to sections of the RDA subtraction product were used in combination with a mixture of all four flanking primers to isolate a sequence complementary to the flanking regions of the RDA subtraction product. After PCR amplification, biotinylated DNA fragments were isolated by mixing 40 μl of the PCR mixture with 40 μl (200 μg) prewashed Dynabead M280-streptavidin as recommended by the supplier (Dynal Biotech, Oslo, Norway) and removing all biotinylated fragments from the mixture using a Dynal magnetic particle concentrator.
Binding and washing steps were done in the presence of a buffer consisting of 10 mM Tris-HCl (pH 7.5), 1 mM EDTA and 2 M NaCl. After incubation for 15 min to remove the biotinylated DNA fragments with the particle concentrator from the mixture and washing the beads in buffer, the bead-bound DNA fragments were treated in 8 μl of 100 mM NaOH for 10 min to remove the beads and the biotin label. The resulting supernatant containing non-biotinylated DNA strands was then neutralized with 4 μl of 200 mM HCl and 1 μl of 1 M Tris-HCl (pH 8) diluted to 30 μl with distilled H 2 O. A second PCR with 2 μl of this product was used to amplify the isolated flanking sequences with an internal (nested) primer. All PCRs were carried out using a standard PCR protocol with 42 cycles of amplification and primer annealing at 62°C. Amplified and agarose gel-purified DNA fragments were cloned into the vector pCRScript and sequenced.
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Results
RDA difference products
Twenty clones varying in length from 48 to 297 bp were isolated from the subtraction between the normal (tester) and dwarf (driver) phenotypes of 'Curare enano' and sequenced. Six of these clones (Musomav1-6) were characterized and their sequences have been deposited in GenBank with accession numbers (DQ842002, DQ842001, DQ842003, DQ842004, DQ842005, and DQ842006). No difference products were obtained when the reciprocal subtraction (dwarf tester and normal driver) was performed.
The sequences were analyzed with both BLASTN and BLASTX to determine any related sequences in the non-redundant (nr) databases of GenBank. None of the sequences had significant homology (E < 10 10 ) with BLASTN searches. Musomav1 had two non- Primers were designed from these six sequences (Table 1 ) and the result of PCRs using these primers with the 'Curare enano' normal and dwarf DNAs used in the subtraction is given in Fig. 2 . Two of the primer sets, one consisting of primers 1 and 2 and the other of primers 3 and 4 showed differences between the two starting DNAs (indicated by arrowheads in Fig. 2) . The primer sets (1 and 2, 3 and 4) revealed a polymorphism between normal and dwarf with a band being produced in the normal that was absent from the dwarf. With primers 1 and 2 a complex of differences were observed between the starting materials, while the PCR product with primers 3 and 4 was a single band in the normal DNA and no band with the dwarf DNA. This presence with one DNA but not with the other is consistent with a structural change in the DNA rather than with a modification, such as methylation, of the DNA. Five of the six pairs of primers were used to amplify DNA from the other sets of normal and dwarf banana DNAs (Fig. 3 ). All these openUP (June 2007) sets of primers differentiated between the normal and dwarf phenotypes of each cultivar.
Primers 3 and 4 were most useful in distinguishing between the normal and dwarf phenotypes (Fig. 2B) , only failing to distinguish between the 'Cachaco' normal and dwarf. Although there are differences between the lines, none of the other markers distinguish between the plants based solely on the height phenotype. Because primers 3 and 4 did not amplify in five of the six dwarf phenotypes but did amplify in all the normal phenotypes, this particular subtraction product was subjected to additional characterization.
Isolation of flanking sequences around difference product Musomav2
The flanking regions of this difference product were isolated resulting in the region depicted in Fig. 4 . The whole region was sequenced (GenBank accession number DQ842001). The complete sequence was again characterized using BLASTN and BLASTX to determine any related sequences in the nr databases of GenBank with no significant similarities being reported. The positions of additional primers that were designed are indicated in Fig. 4 . These additional primers were used to amplify from 'Curare enano' normal and dwarf DNAs (Fig. 5 ) and some were also used to amplify from the banana dwarf and normal pairs. The variation using these additional primers demonstrated that many primers can be designed from this region to distinguish between the normal and dwarf phenotypes. These observations strongly suggest that this whole region of the genome is highly variable. The complete pairwise sequence comparison for all five sequences is shown in Fig. 6 with the positions of gaps in the sequence noted. The three individuals (5, 6 and 11) derived from culture do show minor sequence differences, which would be consistent with the region being modified during in vitro propagation of banana even when obvious phenotypic variation is absent.
Methylation differences
Because the basis for somaclonal variation has been proposed to be epigenetic and the 
Testing of Primers 3 and 4 for the detection of in vitro-associated variation
Primers 3 and 4 were used in PCRs with the DNA isolated from 300 individual plants supplied by a commercial in vitro propagation facility. The result was that 14 of the 300 showed no amplification with the primer pair 3 and 4. However, all DNA samples showed the expected amplification with the primer pair r5 and r6. The frequency of observed non-amplification (4.7%) was approximately equal to that expected for the rate of dwarf types observed in this batch of plants. However, the plants have not been followed to determine whether or not this primer pair exclusively identified dwarf types, a range of other off-type phenotypes or apparently normal plants.
Discussion
RDA has proved to be useful in identifying regions of the banana genome that vary between different phenotypes. The observation that difference products were isolated openUP (June 2007) when the normal phenotype was used as tester, but not when the dwarf phenotype was used as tester, is consistent with earlier observations using two other in vitro-derived offtypes (Cullis and Kunert 2000) . This evidence is consistent with the idea that all the fragments present in the off-types are also present in the normal plants, but not vice versa. A possible explanation is that the banana varieties that were tested were triploid and not all three copies of a particular sequence were modified in the somaclones.
The findings in this study are consistent with the notion that there is a labile fraction of the genome that is modified during the generation of somaclonal variation in banana. The difference products reported here have all the characteristics of representatives of this labile region of the genome, although not all are diagnostic of either the normal or dwarf phenotypes. Thus, primer pair 5 and 6 amplifies a band in 'Cachaco' dwarf but not in 'Cachaco' normal, while the reverse is true for the other pairs of normal and dwarf lines.
It should also be noted that 'Cachaco' dwarf and normal is the only pair that is not distinguishable using the primer pair 3 and 4 (from Musomav2) and may have a genetic basis different from those of the other pairs of normal and dwarf phenotypes. The observation that many of the independent banana variants can be distinguished with the six sequences described here supports the notion of a limited set of loci being modified during the generation of variation during in vitro propagation. The characterization of the extended region around one of the difference products (Musomav2) has been used to design sets of primers that differentiate between the two starting phenotypes (normal and dwarf) as well as between other pairs of normal and dwarf banana plants arising from culture. The region contains a large number of mutations that arise frequently during in vitro propagation supported by the observation of sequence differences among individuals from in vitro propagation. This high rate of variation also makes the region a candidate for identifying single-nucleotide polymorphisms as possible markers for variation arising through in vitro propagation of bananas. Musomav2 appears to contain both sequence variation and variations in the methylation status. Therefore, both sequence and methylation differences occur in somaclonal variants in banana.
It is important to note that in the pair of normal and dwarf 'Curare enano' forms, the normal (tall) individual arose from culture. However, the sequence of this region is most closely related to the sequence derived from other tall but not dwarf forms. Therefore, it openUP (June 2007)
appears that the change that had occurred in culture was a reversion to the previous sequence. This type of reversion has similarities with the reversion of Arabidopsis hothead mutations (Lolle et al. 2005) , although more data are needed before this comparison can be validated. Another possibility is that the initial explant was chimeric and the normal form was a selection from this chimera in the culture.
The primers 3 and 4 from Musomav2 have been tested to determine if they can be used to distinguish individuals from a commercial in vitro propagation facility. A small number of the plants could be distinguished by failing to amplify a product with these two primers. A larger number of individuals need to be tested, and the altered individuals grown up and their phenotype determined to confirm the frequency of association between this marker and a specific phenotype. However, the preliminary evidence indicates that primers 3 and 4 can be used as a diagnostic for identifying off-types in banana plants produced through in vitro propagation. The sequences reported here and the primers developed from them (particularly primers 3 and 4) have the potential to be developed into a robust diagnostic DNA marker for somaclonal variation.
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